Background: The aim of this study was to evaluate the long-term outcome (4 years) of high-intensity-focused-ultrasound (HIFU) cardiac ablation, the significance of postablation antiarrhythmic drugs (AADs) and predictors of successful sinus rhythm (SR) restoration. Methods: 103 patients were prospectively enrolled in a single-center study. The preoperative atrial fibrillation (AF) type was paroxysmal in 36%, permanent in 53%, persistent in 5% and flutter in 6% patients. The left atrial diameter was <50 mm in 78 patients and >50 mm in 25. Long-term results, up to 4 years, and postablation antiarrhythmics were evaluated. 
Introduction
Atrial fibrillation (AF) is a widespread cardiac rhythm disorder. The prevalence of AF rises with advancing age, from 2% in persons over the age of 40, to 6% in persons over the age of 70 and about 15%, in those over the age of 90. 1) The number of people with this cardiac arrhythmia has increased considerably during the past 30 years. In Germany, almost 1 million people, in Europe over 6 million and in the United States, some 2.3 million people are affected. 2, 3) AF is associated with increased rates of death, stroke and other thrombo-embolic events, heart failure and hospitalizations, degraded quality of life, reduced exercise capacity and left ventricular (LV) dysfunction. 2) Stroke remains the most feared complication. In persons with coronary heart disease or cardiac failure, AF doubles the stroke risk in men and trebles the risk in women. 4) AF currently represents a major economic burden for society in light of the aging population. [5] [6] [7] The Maze procedure provides excellent results for surgical treatment of AF. 8) This surgical approach was designed to block multiple macroreentrant circuits that were the putative cause of AF. Due to its relative complexity and invasiveness, the Cox-maze procedure has not been widely adopted by the surgical community.
Focal mechanisms potentially contribute to the initiation and perpetuation of AF. The pulmonary veins were identified as major sources of atrial triggers (ectopic beats). 9) A number of ablation methods using different sources of energy, including radiofrequency, microwave, laser and cryotherapy, have been developed to create intraatrial lesion lines around the pulmonary orifices, either endocardial or epicardial. The reasons for failure of the method are still unknown exactly. [10] [11] [12] [13] [14] The Epicor Medical approach, using therapeutic ultrasound in form of high intensity focused ultrasound (HIFU) applied on the epicardial side of the left atrium (LA) is a safe and effective energy source that allows surgeons to replicate the mini-maze lesion set precisely on a beating heart. 15) In our single experience study were evaluated the clinical long-term outcomes (ranging to 4 years) after HIFU ablation during concomitant cardiac surgery, the significance of postablation antiarrhythmic drug (AAD) therapy, the safety and efficacy of UltraWand and the assessment of predictors for a successfully restoration of sinus rhythm (SR).
Materials and Methods
In concomitant cardiac surgery, 103 patients underwent an LA ablation procedure using HIFU (Epicor) technology at University Hospital, Erlangen, Germany, from March 2007 to December 2011. The type and distribution of preoperative AF were paroxysmal in 37 (36%), permanent in 55 (53%), persistent in 5 (5%) and flutter in 6 (6%) patients. LA diameter measured at preoperative echocardiography was <50 mm in 78 (76%) and >50 mm in 25 (24%) patients. The detailed primary concomitant procedures are summarized in Table 1 .
System description
The Epicor Medical Cardiac Ablation System is designed to deliver HIFU via an entirely epicardial approach and consists of an array of transducers (UltraChinc) positioned after proper sizing around the LA wall of the pulmonary vein orifices and of a Handheld device (UltraWand) to create the mitral line component of the Cox-maze procedure extending from the left lower vein orifice to the mitral valve annulus. Furthermore, technical specifications are described at the developer Site, St. Jude Medical [www.sjm.com].
Ablation procedure
AF ablation was performed after the sternotomy and heparinization by inserting the Epicor device circumferentially around the pulmonary veins on the beating heart prior to the commencement of cardiopulmonary bypass for concomitant cardiac procedures, during an approximately 10-minute algorithm as described elsewhere. A mitral line lesion was also performed in 36 cases after lifting the apex of the heart and exposing the posterior pulmonary veins. Once exposure was obtained, the hand held device (UltraWand), using the same ultrasonic technology, was activated to connect the previously created circumferential line to the mitral annulus in the line of the left inferior pulmonary vein.
Post-ablation treatment
After cardiopulmonary bypass, all patients were treated with intravenous amiodarone for at least 24 hours. Amiodarone administration was started with a bolus of 300 mg, followed by an infusion of 24-72 mg/h for up to 3 days. The anticoagulation therapy was started with intravenous heparin 6 hours after surgery. All patients received continuous bedside electrocardiogram (ECG) monitoring for about 7 days. In patients with paroxysmal and permanent AF, anticoagulation (warfarin or coumadin) and antiarrhythmics were switched to oral medication and maintained for at least 3 months. Amiodarone therapy was given to patients with permanent AF and poor prognosis to restore a SR. Patients with high heart rate frequency or often occurred paroxysmal AF received single amiodarone therapy or associated with ß-blocker. Patients with bradycardia or temporarily bradyarrhythmia absoluta were treated acute with Atropine, Orciprenaline, Theophylline or withdrawal of Antiarrhythmics. After 3 months in most patients were continued single antiarrhythmic therapy with a ß-blocker. Amiodarone was recommended for maximally 6 months.
Follow-up
Follow-ups including physical examination, ECG or 24h-Holter ECG and echocardiography were obtained at 3-and 6-month in our institute. After 6 months and for as long 4 years, patient status was determined by screening records of outpatient visits and correspondence with referring physicians. Long term results were evaluated in 30 patients from the year 2007 and 2008. Follow-up of these groups was 93% at 3 months, 90% at 6 months and 80% at 4 years.
Statistical analysis
All data analyses were performed with the SPSS system for statistics (SPSS 18/19 for Windows, SPSS, Inc., Chicago, Illinois, USA). Clinical profiles were compared using the Chi 2 or the Fisher exact test. All tests of significance were 2-sided. A probability value of ≤0.05 was considered significant. For statistical analysis of long-term outcomes ranging to 4 year, patients from the year 2007 and 2008 were recruited.
Results
All 103 patients had successful feasibility of HIFU system on the beating heart prior to cardiopulmonary bypass. No device-related or procedure-related complications occurred, particularly no bleeding, injury of the oesophagus, pulmonary artery or veins. There were 6 early deaths by multi organ failure caused by cardiogenic shock in three cases, general sepsis after candida albicans pneumonia in one case and two patients died by mediastinitis. Late mortality consisted of 4 patients who died from noncardiac causes in 3 cases and in another case from mediastinitis. A permanent pacemaker was required in 5 patients, 4 for complete heart block and 1 for sick-sinus rhythm. In 3 patients were performed mitral valve surgery and in 2 patients aortic valve surgery.
Freedom from AF and flutter at discharge was 62% for the entire population, 49% in patients with permanent, 73% in patients with paroxysmal, 80% in patients with persistent AF and in all 6 patients with flutter. (Fig. 1) At the 6-/12-/48-month visit 84%/77%/90% of patients with paroxysmal AF, 50%/46%/40% of patients with permanent AF and at any time in all 6 patients with flutter were presented with SR (Fig. 2) . No significant changes were noted at 2 years. Long-term outcome of HIFU ablation ranging to 4 years were analysed in patients from 2007 and 2008 (n = 30). Follow-up was 80%.
For the entire population, 66% of patients were presented with SR at 6 month visit, 68% at 4 year visit. No significant changes were noted at 1 and 2 years.
No significant difference was noted regarding the use of UltraWand. 61% of patients using U-Wand were free of AF, versus 63% without U-Wand usage [chi 2 = 0.66 (df = 1); p = 0.79].
We also compared the impact of postoperative (postablation) AADs versus patients who were discharged without antiarrhythmics. 55% of no drug group were presented with SR at discharge versus 53% of antiarrhythmic group. In both patient groups were noted improved outcome in restoration/maintenance of SR at 6 month visit. No significance difference was noted between no drug group and AADs-group [p = 0.80].
Separately were evaluated the significance of antiarrhythmics, particularly ß-blocker, versus amiodarone, versus non drug therapy. In patients who were treated with ß-blocker were seen better results in restoring/maintenance of SR, however, it was not significant. So as Fig. 3 shows, 51% of patients with postablation ß-blocker Better results were seen in patients undergoing isolated mitral valve surgery with 72% (13) and coronary artery bypass surgery (CABG), who presented with 64% (21) freedom from AF. Patients with aortic valve replacement were associated with a lower success rate, with 53% (18) freedom from AF.
LA-size and AF-duration were significant predictors for a successful HIFU ablation. In our population, 78 patients had an LA diameter of <50 mm; 67% of these patients were restored to SR, and 81% were in patients with paroxysmal AF (Fig. 4) . Best results were achieved in patients with paroxysmal AF: AF-duration <6 months and LA <50 mm. Although it was a small group, all four patients were free of AF.
Discussion
AF has been identified as a risk factor for reduced long-term survival.
3) The 10-year survival of patients undergoing coronary bypass surgery without conversion of AF into SR is reduced by 24%. In this study, the median survival of patients with AF was 8.7 years versus 14 years for those without it. 14) Our conversion rate was lower (62%) than in previously published reports (85%). [15] [16] [17] [18] Our study population was not strictly selected towards predictors for successful ablation. In reality, every consecutive patient who wanted to participate was included, which may be related to the higher proportion of permanent AF and lower of paroxysmal and persistent AF. The better results of HIFU ablation in concomitant with Mitral Valve Surgery are supposedly to explain by the additional incision of the LA (atriotomy).
Reasons for the method's failure are still unknown. The device consists of a circular ring, so there is no lack of power on any place, but due to different thickness of the wall of the atrium there might be some areas of missing transmurality of coagulation. Imaginable answers of these problems are f.e. a repetition of the ablation algorithm after device rotating or a secondary trans-catheter ablation of remaining gaps in the ablation line. Further studies have to be done concerning this matter.
We found that antiarrhythmics after ablation could increase the success in restoration of SR. Though it was not significant, nevertheless, we recommend antiarrhythmics for the maintenance of SR. In the 2-year follow-up, we observed symptomatic AF recurrence in two patients by withdrawal of beta blocker. In both cases, hospitalisation was necessary.
After intravenous application of a ß-blocker, both patients were converted spontaneously to SR. To maintain a stable SR, we recommend, if the patient can tolerate it, at least a small dosage of AAD. These would treat even the hypertension, which is a causative agent of AF. 19) Roux, et al. found that AAD treatment during the first 6 weeks after AF ablation is well tolerated and reduces the incidence of clinically significant atrial arrhythmias and need for cardioversion/hospitalization for arrhythmia management. 20) Despite the better results reported with small atrial size, shorter AF duration, recent joint guidelines on surgical ablation have recommended that all patients undergoing other cardiac surgery should be considered for AF ablation, if the risk of adding the procedure is low and a reasonable chance for success is expected. 7) Meta-analysis from Cheng, et al. including 4647 patients showed that, in patients with persistent or permanent AF who present for cardiac surgery, the addition of surgical AF ablation led to a significantly higher rate of SR (~70%) compared with cardiac surgery alone (~20%) at 1 year follow-up. 18) Excellent safety of Epicor HIFU-based System has been amply justified by recent publications. [15] [16] [17] It does not increase the operative duration, and during HIFU ablation the surgeon will perform the procedure for the commencement of cardiopulmonary bypass.
All patients with AF undergoing cardiac surgery should be considered for ablation and the technique should be made available at cardiac surgery centres. Patients with long term duration of AF and pronounced enlarged LA can be excluded.
Limitations
For rhythm evaluation in our study, only 12-lead ECG, clinical examination and standard 24-hour ECG registries were used, but no implantable ECG loop recorders, which have been shown to improve the completeness of follow-up data in other studies. 21) Follow-up did not include echocardiographic investigation of LA function, which also limits the completeness of the data. Our data represent only a single centre experience.
Conclusion
AF-Treatment with HIFU Ablation during concomitant cardiac surgery is a safe and effective procedure restoring SR especially in patients with either paroxysmal or persistent AF as well as in patients with smaller left atrial diameter. No significant difference was noted between antiarrhythmic and non drug groups regarding restoration and maintainance of SR, however, better results were achieved by the ß-blocker.
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